The presenceof multiple forms of a-amylase in gibberellic acid-treated embryoless barley half-seeds was demonstrated by separation on diethylaminoethyl-Sephadex and isoelectric focusing polyacrylamide gel disc electrophoresis. Two major a-amylase fractions (A and B), each consisting of two to three isozyme components, were purified. a-Amylase fractions A and B were distinguishable in their reaction patterns. The optimal pH of fraction A a-amylase was found to reside in the acidic side (pH 5.0), as was deternined by analyzing the reducing sugars formed as well as the paper chromatographic detection of reaction products. At neutral pH, 6.9, fraction A exhibited weak amylolytic activity in forming maltose. The a-amylase activity in fraction A was markedly stimulated by heat treatment (70 C/15 minutes). Fraction B, constituting a major part of amylases in the endosperm extract, was also found to be composed of a-amylase, as evidenced by the loss of enzyme activity upon allowing fractions A and B to stand at pH 3.3 for a prolonged period. The possible physiological function of the two different types of a-amylase in the carbohydrate breakdown of barley seeds is discussed.
ABSTRACT
The presenceof multiple forms of a-amylase in gibberellic acid-treated embryoless barley half-seeds was demonstrated by separation on diethylaminoethyl-Sephadex and isoelectric focusing polyacrylamide gel disc electrophoresis. Two major a-amylase fractions (A and B), each consisting of two to three isozyme components, were purified. a-Amylase fractions A and B were distinguishable in their reaction patterns. The optimal pH of fraction A a-amylase was found to reside in the acidic side (pH 5.0), as was deternined by analyzing the reducing sugars formed as well as the paper chromatographic detection of reaction products. At neutral pH, 6.9, fraction A exhibited weak amylolytic activity in forming maltose. The a-amylase activity in fraction A was markedly stimulated by heat treatment (70 C/15 minutes). Fraction B, constituting a major part of amylases in the endosperm extract, was also found to be composed of a-amylase, as evidenced by the loss of enzyme activity upon allowing fractions A and B to stand at pH 3.3 for a prolonged period. The possible physiological function of the two different types of a-amylase in the carbohydrate breakdown of barley seeds is discussed.
The enhanced synthesis of a-amylase induced by the gibberellic acid treatment of cereal seeds is an important facet of the biological function of the hormone (3, 14, 15, 24, 25, (30) (31) (32) 35) . A series of studies carried out by Varner and his associates (4, 5, 7, (30) (31) (32) (33) have conclusively demonstrated that synthesis of a-amylase in either embryoless barley half-seeds or isolated aleurone layers occurs in response to exogenous addition of GA. They have thus implicated that in normally germinating seeds, GA secreted from the embryo is translocated to aleurone cells, where it promotes synthesis of the enzyme. However, the target of GA in promoting protein synthesis is still unknown (33) . On the other hand, there are numerous reports concerning the synthesis of a-amylase isozymes in intact barley seeds (10) as well as in embryoless half-seeds treated by GA (12, 20, 21, 23, 33) . Recent experiments by Tanaka et al. (28) have demonstrated that banding patterns of multiple forms of a-amylase detected in extracts of embryoless (GA-treated) and embryo-attached rice endosperm tissue on an isoelectric focused polyacrylamide gel were basically similar, if not identical. In view of the predominant role of amylolytic breakdown of reserve carbohydrate in germinating starchy seeds (22) , the nature of such a-amylase isozymes is of interest, and an intriguing possibility would be that some of the isozymes may function intracellularly in a cooperative manner. In an experiment reported in this paper, we have studied the nature of a-amylase isozymes in GA-treated embryoless barley seeds for 15 hr at 0 C (20) . The seeds were dehulled, thoroughly washed in tap water, and cut into two parts with a razor blade, embryoless and embryo-attached. The embryoless half-seeds were again soaked in 75% ethanol for 30 sec and then in 1% NaClO for 15 min. After a thorough washing with sterilized distilled H20, embryoless half-seeds were aseptically placed in Petri dishes (diameter = 9 cm), each containing 10 ml of an aqueous solution of 2 X 10-6 M GA, and incubated at 30 C in the dark.
Isolation and Purification of a-Amylase. After 3 days of incubation, seeds (300 g fresh wt) were subjected to the isolation of a-amylase according to the method of Loyter and Schramm (17) , with slight modification. The entire contents of a Petri dish were macerated in a mortar and squeezed through three layers of cheesecloth. Residual matter was washed again with 200 ml of 4 m, NaCl and 3 mm CaCI2 solution (NaCl-CaCI2 solution). The filtrates were combined and centrifuged at 15,000 rpm (20,000g) for 20 min, and the supernatant liquid was brought to 50% saturation with (NH4)2S04, the pH being adjusted to 5.8 with 1 N NH40H. After 30 min the suspension was centrifuged at 8,000 rpm (7,000g) for 60 min, and the precipitate was dissolved in the NaCl-CaCI2 solution. The preparation was then passed through a column (3.8 x 41 cm) of Sephadex G-25, which had been equilibrated with 0.01 M phosphate buffer (pH 6.9) containing the NaCl-CaCl2 solution. Then, the enzymeglycogen complex which was prepared following the method of Loyter and Schramm (17) was washed twice with 40% ethanol containing 0.01 M phosphate buffer (pH 8.0). After dissolving the enzyme-glycogen complex in 0.02 M phosphate buffer (pH 7.0) containing 7 mm NaCl and 3 mm CaCI2, the preparation was kept at 25 C for 1 hr to digest glycogen. A small amount of precipitate that had formed was removed by centrifugation, and the supernatant fraction was passed through a column (22 X 2.4 cm) of Sephadex G-25, which had been equilibrated with 0.01 M tris-HCl buffer (pH 8.5) containing 0.1 M NaCl and 3 mi CaCl2. The enzymically active fractions were applied to a column (2.4 X 18.5 cm) of DEAE-Sephadex A-50, which had been equilibrated with 0.01 M tris-HCI buffer (pH 8.5) containing 0.1 M NaCl and 3 mm CaC12. Employing a linear gradient of NaCl (0.1-0.7 M), the enzyme was fractionated. All the preparative steps were carried out at 0 to 4 C.
Isoelectric Focused Polyacrylamide Gel Disc Electrophoresis and a-Amylase Zymogram. The multiple forms of a-amylase by isoelectric focusing in combination with polyacrylamide gel disc electrophoresis were detected by the method of Momotani (6, 28, 34 glass plate (8 X 9 cm) with a thin film of 1% egg albumin as an adhesive was heated at 120 C for 1 hr. Then, a thin layer of a solution containing 30%O cyanogum-41, 1.0 M acetate buffer (pH 5.3), 0.004%C riboflavin, and 1.5%l, soluble starch (2.5:1:1:4, v/v) and a few drops of N,N,N',N'-tetramethyl ethylenediamine was added to each plate and photopolymerized. The gels to be tested for a-amylase were placed between two such starchacrylamide plates in sandwich form and incubated for 30 min at 30 C. Then the plates were stained with the 12-HCI solution. Electrofocused zones containing amylase activities hydrolyzed the starch film and appeared as decolorized bands on a blue background. The focused gels were also used for staining protein bands with Amido black lOB after the elimination of Ampholine and for carbohydrate constituents in protein using the fuchsinsulfite reagent (1, 11) .
Preparative Isoelectric Focusing. The isoelectric focusing electrophoresis was carried out following a similar method, as reported by Matsumoto et al. (16, 19) . A linear sucrose gradient (0-50%X-) containing 1 % of LKB Ampholine (pH 4-6) was prepared with the aid of a mixing cylinder. Three milliliters of the enzyme preparation obtained by DEAE-Sephadexl A-50 ion exchange column chromatography (fraction B in Fig. 1 ) in 25%C
sucrose was applied to a column. Electrophoresis was performed at a constant voltage of 400 v for 48 hr, in a cold room (4 C). At the end of the run, 25 drops (about 1.5 ml) of each fraction were collected, and both pH and a-amylase activities were determined.
Enzyme Assay. Activities of a-amylase were determined by measuring the rate of starch-I2 decoloration following the method of Shuster and Gifford (26) . (a) Nonbuffered system. Onemilliliter of appropriately diluted enzyme preparation in the NaCl-CaCl2 solution was incubated with 1 ml of 0.067%o soluble I Abbreviation: DEAE: diethylaminoethyl. starch dissolved in 0.06 M NaH2PO4 solution. After 5 to 10 min of incubation at 30 C, the reaction was stopped by adding 1 ml of I2-HCl solution, and the absorbance at 620 nm was determined after adding 4.0 ml of H20. As can be seen in Figures 5, 9 Figure 1. either 0.05 M acetate buffer (pH 5.0) or 0.02 M phosphate buffer (pH 6.9) containing 7 mM NaCl. The reaction was stopped by adding 1.0 ml of 1 % alkaline 3,5-dinitrosalicyclic acid reagent, and the absorbance at 540 nm was determined after adding 5 ml of H20.
The heat treatment (70 C) of the enzyme preparation was performed in 0.05 M tris-HCl buffer (pH 8.5) containing 5 mM CaC12 (28) . An aliquot, 0.1 ml for starch hydrolysis and 0.05 ml for maltose formation, was then used for determining the residual enzyme activities by employing the method described above. The method of low pH treatment was described previously (28). After treatment of the enzyme preparation (fractions A and B in Fig. 1 ) by allowing it to stand at pH 3.3 overnight at 0 C, aliquots were used for measurements of enzyme activities by employing the methods described above, except that 5 mm EDTA was added to the reaction mixture. In these experiments, same quantities of each fraction diluted from the stock solution of same concentration (0.12 mg/ml) were compared for their activities (Figs.  5-10 ).
Paper Chromatography. Aliquots of the enzyme preparation fractions A and B in Fig. 1 by the schlieren optics.
RESULTS
The a-amylase preparation obtained after enzyme-glycogen complex formation was reported to be very pure, approaching the crystalline enzyme in its specific activities (17) . However, as shown in Figure 1, (Fig. 2) . Multiple isozymes detected in ,each fraction represent the enzyme constituents present in the original crude extract as well as in the enzyme preparation after ,enzyme-glycogen complex formation.
Since the quantity of fraction B was greater than fraction A, its purification was undertaken. An analytical ultracentrifugation picture showed an apparent homogeneity of fraction B (Fig. 3 ), but staining with Amido black lOB and fuchsin-sulflte reagent of electrofocused gels clearly showed that there were at least three isozymes (B1, B2, B3 of Fig. 2 (B and B', Fig. 4 ). In the presence of Ca2+ in the reaction mixture, both fractions showed activities of starch hydrolysis (12- Figure 2 .
As can be seen in Figure 1 , the amylolytic activities of fraction A are sharply contrasted to those of fraction B, little maltose being formed in the reaction. Thus enzyme properties of the two fractions were further compared with the same quantities of each fraction for assay. We first compared the optimum pH of the two fractions, with various buffer systems. It was found that fraction A has the normal bell-shaped pH-activity curve, the optimum at 5.3. On the other hand, B has a broad curve and activity at pH 5.0 is nearly the same as at pH 6.9 . Results presented in Figure 5 clearly show that the enzyme activities of fraction A measured at pH 5 Effect of heat treatment on a-amylase activities of fraction A and B (I). After heat treatment (70 C) of fractions A and B for different periods, an aliquot (0.1 ml) was used for measurements of enzyme activities as explained in the text. Incubation was 4.5 min for fraction A and 6 min for fraction B, respectively, in starch hydrolysis and 10 min in maltose formation. The same quantities of each fraction were diluted so as to compare the enzyme activities quantitatively. action patterns of two fractions (Fig. 6) . It must be noted that there is a shift in the reaction products of fraction B when the pH goes from pH 5.0 to 6.9. At pH 5.0 the reaction product is predominantly glucose, and at pH 6.9 equal amounts of glucose and maltose are formed.
Another uniqueness of the enzyme activities of fraction A lies in its heat activation. As can be seen in results of Figure 7 , fraction B lost approximately 30% activity as a result of the heat treatment. When heated at 70 C for 30 min (pH 6.9), enzyme activity of fraction A (maltose formation) was enhanced approximately 2-fold, although it was impossible to prove that all the isozymes were equally activated. As presented in Figure 8 , the enhancement of enzyme activity caused by heat treatment at pH 5.0 was not as marked as that by heating at pH 6.9 .
A question will be raised as to the nature of enzyme activity elicited by fraction A, since its optimal pH was found to reside on the acidic side, typical of f3-amylase. However, in addition to the heat activation, the loss of enzyme activity upon allowing the preparation to stand at pH 3.3 overnight makes this possibility unlikely (Figs. 9 and 10 ). The enzyme inactivation caused by the low pH treatment has often been taken as a characteristic behavior of a-amylase (8) (9) (10) 25) . It is interesting to note that f,-amylase-type activity is slightly detectable in fraction B after this treatment (Figs. 9 and 10 ). However, reaction products produced by the residual fraction closely resembled those produced by the untreated preparation on a paper chromatography (cf. Fig. 6 ). It thus indicates that fraction B is a-amylase. DISCUSSION The synthesis of multiple forms of a-amylase in GA-treated barley half-seeds has been reported by a number of workers (20, 21, 23, 33) . Our recent experiments with rice seeds have demonstrated that the banding patterns of a-amylase isozymes are nearly identical in both the GA-treated embryoless and embryoattached (no GA treatment) half-seeds, indicating a crucial role of GA in the synthesis of a-amylase isozymes as well as in the dynamics of starch breakdown in seeds at the onset of germination (28) .
Extraordinarily high resolving power of the isoelectric focusing technique in showing heterogeneity of apparently homogeneous preparations of a number of enzyme proteins was established by Rutter and his associates (27 Figure 4 , indicating the formation of artifacts during the step of isoelectric focusing.
Most explicit in the present finding, however, is the formation in GA-treated half-seeds of two forms of ca-amylase, evidently differing in their properties and reaction patterns. A detailed comparison of the kinetic properties between two a-amylase groups will be a subject of another paper. From their distinctly different nature, we are inclined to speculate that a-amylase isozymes represented in fractions A and B may function normally in germinating barley seeds, and that the complete breakdown of starch reserve is accomplished by their cooperative action. It appears that the fraction A enzyme constitutes a relatively minor component in total a-amylase present in the seed extract. However, its unique nature, (a) activation by heating and (b) enhanced activity at the optimum pH 5.0, is clearly distinguishable from that of fraction B. It would be of interest to study whether or not similar isozyme patterns occur in other varieties of barley seeds or in other cereal seeds. Recently Jacobsen et al. (12) have reported that the addition of GA to isolated aleurone cells of barley seeds causes the de novo production and secretion of four a-amylases, which are somewhat different in their enzymic nature from ours. It has been well established that a-amylases originated from different plant sources exhibit different reaction properties (8) . Among several properties, heat lability and optimal pH at the acidic side are thought to be typical in distinguishing f3-amylase from a-amylase. On the other hand, the inactivation upon standing at low pH (3.3) for prolonged periods is typical of at-amylase. Therefore, based on these criteria, our present experimental results show that fraction A and B are mostly composed of a-amylase. The presence of a-amylase resistant to low pH treatment as recorded in results of Figures 9 and 10 accords with the findings of Jacobsen et al. (12) .
Evidence for the synthesis of a-amylase de novo in barley aleurone ceJls in response to GA addition came from experiments of Varner and his associates (7, 13, (30) (31) (32) . Although it is difficult to compare experimental results from different laboratories, our study indicates that caution is needed in concluding homogeneity of a newly synthesized enzyme molecule.
